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We have investigated the mechanism of an evolutionary change in ascidian muscle cell differentiation. The ascidians
Molgula oculata and Molgula occulta are closely related species with different modes of development. M. oculata embryos
develop into conventional tadpole larvae with a tail containing striated muscle cells, whereas M. occulta embryos develop
into tailless larvae with undifferentiated vestigial muscle cells. The muscle actin gene MocuMA1 was isolated from an M.
oculata genomic library. MocuMA1 is a single-copy, larval-type muscle actin gene which appears to lack introns. However,
the 5* upstream region of MocuMA1 is suf®cient to drive expression of a lacZ fusion construct in the larval muscle cells,
implying that it is a functional gene. MocuMA1 mRNA ®rst appears in the prospective muscle cells of M. oculata embryos
during gastrulation, and transcripts continue to be present throughout embryogenesis. Muscle actin mRNA was not detected
during M. occulta embryogenesis, although the same probe was capable of detecting muscle actin mRNA in more distantly
related ascidian species with tail muscle cells. Interspeci®c hybrids produced by fertilizing M. occulta eggs with M. oculata
sperm recover the ability to express muscle actin mRNA in the vestigial muscle cells, suggesting that trans-acting factors
responsible for muscle actin gene expression are conserved in M. occulta. The presence of these trans-acting factors was
con®rmed by showing that the MocuMA1/lacZ fusion construct is expressed in the vestigial muscle cells of M. occulta
larvae. The orthologous larval muscle actin genes MoccMA1a and MoccMA1b were isolated from a M. occulta genomic
library. The coding regions of these genes contain deletions, insertions, and codon substitutions that would make their
products nonfunctional. Although the 5* upstream regions of the M. occulta muscle actin genes also contain numerous
changes, expression of MoccMA1a/lacZ and MoccMA1b/lacZ fusion constructs showed that they both retain speci®c
promoter activity, although it is reduced in MoccMA1b. The results suggest that the regression of muscle cell differentiation
is mediated by changes in the structure of muscle actin genes rather than in the trans-acting regulatory factors required
for their expression. q 1996 Academic Press, Inc.
INTRODUCTION ans (Elinson, 1990), echinoderms (Wray and Raff, 1991), as-
cidians (Jeffery and Swalla, 1992a), and other invertebrates
(Schneider et al., 1992; Henry and Martindale, 1994). Com-Closely related species with different modes of develop-
parative studies with these species have demonstrated thatment are attractive systems to investigate the evolution
numerous processes, including oogenesis, cleavage, axis andof developmental mechanisms (Raff, 1992). Model systems
cell fate speci®cation, gastrulation, and induction, are re-consisting of such species have been developed in amphibi-
sponsible for modifying development. However, the molec-
ular mechanisms underlying these processes are poorly un-
derstood. In the present investigation, we have investigated1 Present Address: Division of Biological Sciences, Graduate
the molecular mechanism responsible for an evolutionarySchool of Science, Hokkaido University, Sapporo 060, Japan.
change in ascidian larval muscle cell differentiation.2 Present Address: Department of Biology, Vanderbilt University,
Nashville, TN 37235. Most ascidian species show indirect development in
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which the embryo develops into a tadpole larva. The tailed velopment in M. occulta. The results suggest that changes
in the structure of muscle actin genes are in part responsible(or urodele) larva consists of a head, containing a brain with
a neural sensory organ(s), and a tail, containing a notochord for modi®cations in muscle cell differentiation during the
evolution of anural development.and ¯anking bands of striated muscle cells (Katz, 1983). The
larval tail is formed by coordinated morphogenetic move-
ments and differentiation of the prospective notochord,
muscle, and posterior epidermal cells (Swalla, 1993; Satoh, MATERIALS AND METHODS
1994). Anural development is an alternate mode of develop-
ment in which the embryo develops into a tailless (or an-
Biological procedures. Molgula oculata and Molgula occultaural) larva (reviewed in Jeffery and Swalla, 1990). Anural
were collected by dredging sand ¯ats at Roscoff, France. The prepa-embryos lack typical urodele larval features, including the
ration of gametes, insemination conditions, production of M. oc-neural sensory organ, notochord, and differentiated muscle
culta 1 M. oculata hybrids, and culture of embryos have been
cells. Fewer than 20 ascidian species have been described described previously (Swalla and Jeffery, 1990). Molgula occiden-
with anural development, and most of these species are talis was purchased from Gulf Specimens Inc. (Panacea, FL). M.
classi®ed in the family Molgulidae (Berrill, 1931; Jeffery and occidentalis embryos were prepared and cultured using the meth-
Swalla, 1990). Urodele development is thought to be ances- ods developed for M. oculata and M. occulta. Styela clava and
Ciona intestinalis were purchased from Marinus Inc. (Long Beach,tral in ascidians, a viewpoint supported by the expression
CA). S. clava embryos were prepared as described by Tomlinson etof vestigial urodele features in some anural species (Berrill,
al. (1987). C. intestinalis embryos were prepared using gametes1931; Whittaker, 1979; Swalla and Jeffery, 1990, 1992; Bates
obtained from the gonoducts. Adult ascidians were maintained inand Mallet, 1991) and molecular phylogenetic analysis
tanks of running sea water.(Had®eld et al., 1995).
Preparation and screening of genomic libraries. M. occultaThe mechanisms underlying the transition from urodele
and M. oculata genomic DNA was prepared from the gonads of
to anural development have been investigated in the closely single adults according to the procedure of Davis et al. (1986). The
related ascidians Molgula oculata, which has a urodele isolated DNA was partially digested with Sau3AI and the ®rst two
larva, and Molgula occulta, which has an anural larva nucleotides of the Sau3AI site were ®lled in. The digested DNA
(Swalla and Jeffery, 1990; Jeffery and Swalla, 1991; Swalla was ligated to the partially ®lled in XhoI site in the l FIXII vector
(Stratagene, La Jolla, CA). The ligated materials were packaged inet al., 1993). The ancestral urodele features, including the
vitro and propagated in SRB(P2). A 32P-labeled DNA probe synthe-neural sensory organ, notochord, and some aspects of mus-
sized from the ascidian muscle-actin cDNA clone HrcMA4 (Kusa-cle cell differentiation, are restored in interspeci®c hybrids
kabe et al., 1991) was used to screen the M. oculata genomic library.produced by fertilization of M. occulta eggs with M. oculata
The M. occulta genomic library was screened with a 32P-labeledsperm (Swalla and Jeffery, 1990; Jeffery and Swalla, 1991,
DNA probe containing 725 bp of upstream sequence (0669 to /56;1992b). The restoration of urodele features in hybrid larvae
see Fig. 1) and 104 bp of coding region of the MocuMA1 gene. The
suggests that anural development is mediated by loss-of- hybridizations were performed in 50% formamide, 51 Denhardt's
function mutations in zygotic genes. Recently, the uro solution, 51 SSPE (11 SSPE: 0.18 M NaCl/ 0.01 M sodium phos-
genes, which encode potential regulatory factors expressed phate/1 mM EDTA, pH 7.7.), 0.5% SDS at 427C. The washes were
in M. oculata but not in M. occulta, have been identi®ed performed three times in 21 SSC, 0.1% SDS for 30 min at 657C
(M. oculata clones) or 557C (M. occulta clones).and characterized (Swalla et al., 1993). The uro gene Manx,
Polymerase chain reaction. Polymerase chain reaction (PCR)which encodes a zinc ®nger protein, is required for restora-
was used for further analysis of the genomic clones and to constructtion of urodele features in hybrid embryos and may play an
the promoter±lacZ fusion genes. AmpliTaq DNA polymerase (Per-important role in the speci®cation of the chordate body plan
kin±Elmer, Norwalk, CT) was used with a buffer containing 1.5±(Swalla and Jeffery, 1996).
3.0 mM MgCl2. The reactions were taken through 30 ±35 PCRThe muscle actin genes are the most well-characterized
ampli®cation cycles (1 min at 947C, 2 min at 427C, and 3 min at
muscle-speci®c genes in ascidians. Genomic and cDNA 727C), followed by a single cycle at 727C for 10 min in a Perkin±
clones encoding muscle actin have been isolated from sev- Elmer/Cetus thermal cycler.
eral ascidian species (Tomlinson et al., 1987; Kusakabe et Identi®cation of larval muscle actin clones and DNA sequenc-
al., 1991, 1992, 1995; Beach and Jeffery, 1992; Swalla et al., ing. Positive clones containing larval-type muscle actin se-
quences were selected by PCR ampli®cation using oligonucleotide1994). It has been determined that certain muscle actin
primers designed to amplify both cytoplasmic and muscle actingenes are restricted to the larval or adult phase of the life
sequences (Kusakabe et al., 1991). The PCR products were se-cycle. The promoter function of larval muscle actin genes
quenced directly to determine whether they encoded larval musclehas been analyzed by microinjection of promoter± lacZ fu-
actin genes, which can be identi®ed by diagnostic amino acid posi-sion gene constructs into ascidian eggs (Hikosaka et al.,
tions (Kusakabe, 1995). These procedures resulted in the isolation1993, 1994; Kusakabe et al., 1995). The results have shown
of two overlapping genomic clones containing MocuMA1, a M.
that a 103-bp sequence in the 5* upstream region of one of oculata larval muscle actin gene, and genomic clones encoding
the muscle actin genes is suf®cient for its expression in the MoccMA1a and MoccMA1b, orthologous M. occulta larval muscle
tail muscle cells. actin genes. The muscle actin clones were digested with restriction
Here, we use muscle actin genes as a means to investigate enzymes and analyzed by Southern hybridization using a HrMA4
coding region probe (Kusakabe et al., 1992). The restriction frag-the mechanism of muscle cell regression during anural de-
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ments were subcloned into pBluescriptII SK(/) and sequenced on lacZ. The 5* upstream region of each gene was ampli®ed by PCR
using the following oligonucleotide primers: MocuMA1, cu1PRO-both strands by the dideoxy chain termination procedure (Sanger
et al., 1977) using Sequenase Version 2.0 (USB). Oligonucleotide 2 and cu1PRO-3 (5*-CAGTTTCTAGAACAAAGCTGTTGCA-3*);
MoccMA1a, cc2PRO-2 (5*-TTGATGAAGCTTATATGACCTT-3*)primers were synthesized on a Pharmacia LKB Gene Assembler
and cc2PRO-3 (5*-AGACCTCTAGAACCAAGCTGTTGCA-3*);Plus (Pharmacia Biosystems, Inc., Piscataway, NJ). The sequencing
MoccMA1b, cc12PRO-1 (5*-CGGATCTAGAGCTCAAATCTGA-reactions were loaded on 6% polyacrylamide gels.
3*) and cc12PRO-2 (5*-AGGAAGCTTGTTGTTGTTGAGAT-3*).Primer extension analysis. Primer extension analysis of RNA
The primers cu1PRO-3, cc2PRO-3, and cc12PRO-1 contain a XbaIwas carried out essentially as described by McKnight and Kingsbury
site, whereas cu1PRO-2, cc2PRO-2, and cc12PRO-2 contain a(1982). A mixture of end-labeled oligonucleotide primer (5*-ATC-
HindIII site. The ampli®ed DNA fragments were digested withTTCTTCTTCCGACGACATGGTT-3*) and 20 mg of total RNA iso-
HindIII and XbaI, and the 5* upstream region of pHrMA4a-Z (Hiko-lated from tailbud stage M. oculata embryos was incubated in hy-
saka et al., 1993) was replaced with the ampli®ed upstream region.bridization buffer (10 mM Tris±HCl, pH 8.0, 1 mM EDTA, 250
The nucleotide sequence of the 5* upstream region of each con-mM KCl) at 657C for 90 min, slowly cooled to room temperature,
struct was con®rmed by sequencing.and allowed to anneal for 90 min. The extension reactions were
The plasmid DNAs were linearized by digestion with ApaI andcarried out with SuperScript RNase H0 reverse transcriptase
dissolved in 1 mM Tris±HCl, 0.1 mM EDTA, pH 8.0. The DNA(GIBCO BRL, Grand Island, NY) at 427C for 90 min, and the RNA
solution was injected at a concentration of 10 mg/ml through thewas digested with 9 mg/ml RNase A. The extension products were
chorion into the cytoplasm of fertilized C. intestinalis, M. oculata,analyzed on a 6% polyacrylamide gel.
or M. occulta eggs. Microinjection was carried out as described byRadioactive probes. The MocuMA1-N probe contains 725 bp
Hikosaka et al. (1992) with holding and microinjection pipets heldof upstream sequence (0669 to/56; see Fig. 1) and 104 bp of coding
by micromanipulators (model MN-151; Narishige, Tokyo, Japan).region of the MocuMA1 gene. The MocuMA1-C probe contains
The injected eggs were cultured as described above until hatching1032 bp of the coding region and a short portion of the 5* upstream
and then assayed for b-galactosidase activity.sequence of the MocuMA1 gene. The templates were generated
For histochemical detection of b-galactosidase activity, embryosfrom pBluescriptII subclones by PCR. The 32P-labeled DNA probes
and newly hatched larvae were ®xed for 10 min at room tempera-were synthesized using the random primed DNA labeling kit
ture in Millipore-®ltered sea water containing 1% glutaraldehyde.(United States Biochemical, Cleveland, OH) and [32P]dCTP (800±
The ®xed specimens were rinsed in phosphate-buffered saline (PBS)3000 Ci/mole; New England Nuclear, Boston, MA). The antisense
and incubated in PBS containing 250 mM 5-bromo-4-chloro-3-indo-RNA probes were synthesized from a pBluescriptII plasmid vector
lyl-b-D-galactopyranoside (X-gal), 0.1% Triton X-100, 1 mM MgCl2,(Stratagene) containing MocuMA1 sequences using [35S]ATP (1000±
3 mM K4[Fe(CN)6], and 3 mM K3[Fe(CN)6] at 377C for 2±3 hr. The1500 Ci/mmole; NEN) and T3 RNA polymerase (MAXIscript; Am-
stained specimens were washed in PBS to stop the reaction andbion). The sense RNA probe was prepared in the same manner
examined with an Olympus stereomicroscope.using T7 RNA polymerase.
Acetylcholinesterase assay. The vestigial muscle cells of M.Hybridizations. Southern blot hybridizations were conducted
occulta embryos were detected by acetylcholinesterase (AChE) ac-as described by Swalla et al. (1993). The Southern blots were
tivity. Histochemical procedures for AChE assay were conductedwashed in 21 SSC at 507C. For visualizing the spatial distribution
as described by Jeffery and Swalla (1991).of transcripts, embryos were embedded in paraplast and sectioned
at 8 mm, the sections were attached to subbed microscope slides,
and in situ hybridization was carried out as described by Jeffery
(1989). Approximately 1±5 1 106 cpm of antisense or sense RNA RESULTS
probe was added to each pretreated slide in 50 ml of hybridization
buffer containing 100 mM dithiothreitol (DTT) (Swalla and Jeffery,
Isolation and Characterization of the MocuMA11990). Following hybridization overnight at 457C, the slides were
Genewashed in 41 SSC containing 10 mM DTT, treated with 20 mg/ml
pancreatic RNase A for 30 min at 377C, washed in 21 SSC at room
We have isolated muscle actin genes from the urodeletemperature for 30 min, and washed in 11 SSC at room temperature
developer M. oculata and the anural developer M. occultafor 45 min. Autoradiography was performed with NTB-2 emulsion
as a means of investigating the mechanisms of muscle cell(IBI-Kodak, Rochester, NY) and sections were stained through the
regression during anural development. The MocuMA1 geneemulsion with Harris hematoxylin and eosin. Background radioac-
was isolated by screening a M. oculata genomic library withtivity was assessed from hybridizations carried out with a sense
RNA probe. the ascidian muscle-actin probe HrcMA4 (Kusakabe et al.,
Preparation and microinjection of fusion gene constructs and 1991). The nucleotide and deduced amino acid sequences
detection of b-galactosidase activity. The fusion construct pMo- of the MocuMA1 gene are shown in Fig. 1. The transcription
cuMA1-Z contains a 702-bp 5* upstream region (/44 to 0658; see initiation site, determined by primer extension, is 56 bp
Fig. 1) of MocuMA1 fused to the coding sequence of the bacterial upstream from the putative translation initiation codon. A
b-galactosidase gene (lacZ). The 5* upstream region of MocuMA1 TATA box is located at 030 and an E box at 075 in the 5*
was ampli®ed by PCR using the oligonucleotide primers cu1PRO-
upstream region of MocuMA1. These motifs are found at1 (5*-GGATCCCGTCTAGAAGTTTCGC-3*) and cu1PRO-2 (5*-
similar positions in the promoter regions of the Halocyn-TTATTGAAGCTTATTCGACGTT-3*), which contain a XbaI site
thia roretzi muscle actin genes (Kusakabe et al., 1992, 1995).and a HindIII site, respectively. The fusion constructs pMocuMA1-
In contrast, CArG boxes, which are conserved in the up-Z(272), pMoccMA1a-Z, and pMoccMA1b-Z consist of the 5* up-
stream regions of vertebrate and H. roretzi actin genes, arestream region of the MocuMA1 (/44 to 0272), MoccMA1a (/45 to
0259), or MoccMA1b (018 to 0333) gene, respectively, fused with absent in the 669-bp upstream, untranscribed region of Mo-
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TABLE 1
A Comparision of the Diagnostic Amino Acid Positions in the Deduced MocuMA1, MoccMA1a, and MoccMA1b Proteins with
Ascidian Larval and Adult Muscle Actins
Amino acid position
Muscle actin protein
and source 4 19 103 176 234 272 274 365 Reference
H. roretzi larval (HrMA1) D S T A T A I A Kusakabe et al. (1995)
H. roretzi larval (HrMA2/4) D S T A T A I A Kusakabe et al. (1992)
S. clava larval (ScTb1) D S T A T A I A Beach and Jeffery (1992)
M. oculata larval (MocuMA1) D A T A T A I A Fig. 1
M. occulta larval (MoccMA1a) D A T A T A I A Fig. 1
M. occulta larval (MoccMA1b) E V T A T A T T Fig. 1
S. plicata adult (SpMA1) E A V M S S V S Kovilur et al. (1993)
M. citrina adult (McMA1) E A V M S S V S Swalla et al. (1994)
Note. The amino acid sequences of MoccMA1a and MoccMA1b were obtained by translation without taking account of the frameshifts
and premature stop codons caused by mutations (see Fig. 1).
cuMA1. All ascidian muscle actin genes reported previously
contain introns (Kusakabe et al., 1992, 1995). Surprisingly,
there are no introns in the coding region of the MocuMA1
gene. Because a cDNA clone is not available, we do not
know whether introns are present in the 5*- and 3*-untrans-
lated regions (UTR) of MocuMA1, although no introns have
been reported in the noncoding regions of other ascidian
muscle actin genes (Kusakabe et al., 1992, 1995). As re-
ported for other ascidian muscle actins (Tomlinson et al.,
1987; Kusakabe et al., 1991; Kovilur et al., 1993), the pre-
dicted amino acid sequence of MocuMA1 is characteristic
of a vertebrate-type muscle actin and distinct from a non-
muscle actin. The amino acid sequence of MocuMA1 was
compared to those of ®ve different ascidian muscle actins
at diagnostic positions that distinguish larval and adult
muscle actin isoforms (Table 1; Kusakabe, 1995). This com-
parison shows that MocuMA1 is a larval-type muscle actin
gene.
FIG. 2. Southern blots of M. oculata genomic DNA digested withMocuMA1 Is an Expressed Single-Copy Gene
EcoRI (left) or HindIII (right). Each lane was loaded with a digest
Some ascidian species have multiple muscle actin genes of 10 mg of DNA from a single individual. (A) A blot hybridized
encoding identical or similar actin isoforms (Beach and Jeffery, with the MocuMA1-N probe. (B) A blot hybridized with the Mo-
cuMA1-C probe.1992; Kusakabe et al., 1992). In contrast, two lines of evidence
FIG. 1. The nucleotide and deduced amino acid sequences of the M. oculata muscle actin gene MocuMA1 (top row) and orthologous M.
occulta muscle actin genes MoccMA1a (middle row) and MoccMA1b (bottom row). Identical nucleotide positions relative to the MocuMA1
sequence are indicated by dots, altered nucleotide positions by letters, gaps by dashes, and insertions by a vertical line under the nucleotide
sequence in the bottom row, followed by the name of the gene. The deduced MocuMA1 amino acid sequence is indicated in single-letter
code above the nucleotide sequence shown in the top row. Changes in the amino acid sequence in MoccMA1a and MoccMA1b are shown
beneath the MoccMA1b nucleotide sequence in the bottom row. The positions of the putative E box, TATA box, transcription start (/1),
and translation stop site in the MocuMA1 gene are shown above the MocuMA1 nucleotide sequence. The putative polyadenylation signal
in the MocuMA1 gene is underlined. The positions of premature translation stop sites in the MoccMA1b gene are shown beneath the
MoccMA1b sequence in the bottom row. The DDBJ/EMBL GenBank Accession Nos. are MocuMA1, D78190; MoccMA1a, D78191; and
MoccMA1b, D78192.
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FIG. 3. Promoter activity of the MocuMA1 gene assayed by microinjection of a DNA construct containing the 702-bp 5* upstream region
of MocuMA1 fused to the lacZ gene in Ciona eggs. (A±C) Hatched larvae showing b-galactosidase activity in (A) tail muscle cells, (B) tail
muscle and trunk mesenchyme (arrowhead) cells, and (C) tail muscle, mesenchyme, and other cells in the anterior region of the larval
trunk (arrowhead). mu, muscle cells. me, mesenchyme cells. Scale bar, 50 mm.
FIG. 7. Promoter activity of 5* upstream regions of the MocuMA1, MoccMA1a, and MoccMA1b genes assayed by microinjection of
lacZfusion constructs into Ciona eggs. (A±C) Hatched larvae that developed from embryos injected with (A) pMocuMA1-Z(272), (B)
pMoccMA1a-Z, or (C) pMoccMA1b-Z showing b-galactosidase expression in the tail muscle cells and trunk mesenchyme cells (arrowheads).
mu, muscle cells; me, mesenchyme cells. Scale bar, 50 mm.
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(pMocuMA1-Z) was prepared consisting of the 702-bp 5* up-
stream region of the MocuMA1 gene fused with the lacZ gene.
The pMocuMA1-Z DNA construct was microinjected into
fertilized eggs of the ascidian Ciona, which has been used to
assay the promoter function of heterologous ascidian actin
genes (Hikosaka et al., 1993). Each of 12 larvae that developed
from eggs injected with pMocuMA1-Z showed expression of
the lacZ reporter gene in the tail muscle cells, although some
of these larvae also showed reporter activity in mesenchyme
and other cells located in the trunk (Fig. 3). Additional results
described below (see Fig. 6A) show that the 5* upstream region
of MocuMA1 is also suf®cient to drive lacZ expression in M.
oculata embryos. These results indicate that the 5* upstream
region of MocuMA1 has promotor activity and that MocuMA1
is a functional gene.
Muscle Actin Gene Expression in M. oculata, M.
occulta, and Hybrid Embryos
The accumulation of muscle actin mRNA in M. occulta
embryos was investigated by in situ hybridization with the
MocuMA1-C probe. Although M. occulta larvae do not have
differentiated muscle cells, they contain a vestigial muscle
cell lineage (Jeffery and Swalla, 1991). The results show that
M. occulta embryos do not produce detectable amounts ofFIG. 6. Expression of the pMocuMA1-Z construct in M. oculata
muscle actin mRNA during embryogenesis (Figs. 4E±4H).and M. occulta embryos. (A) A late tailbud M. oculata embryo
These results were obtained with a single clutch of M. oc-within the chorion showing b-galactosidase activity in two rows
culta eggs. Previous studies have shown that differentof tail muscle cells. (B) A hatched M. occulta larva stained for
AChE to show the position of the vestigial muscle cells. (C and D) clutches of M. occulta eggs and embryos vary in their ex-
Hatched M. occulta larvae showing b-galactosidase activity in pression of ancestral urodele features (Jeffery and Swalla,
some of the vestigial muscle cells. Scale bar, 20 mm. 1992b). Therefore, the in situ hybridization experiments de-
scribed above were repeated with six different clutches of
M. occulta embryos. Similar to the initial results, four of
these clutches showed no detectable muscle actin expres-
sion, but two clutches showed low but detectable signal insuggest that MocuMA1 is a single-copy gene and that the M.
oculata genome contains no other larval-type muscle actin the vestigial muscle cells (Fig. 4H). Thus, although most
clutches of M. occulta embryos do not express muscle actingenes similar to MocuMA1. First, only one intense band was
detected in Southern blots containing digests of M. oculata mRNA, some clutches may accumulate low levels of these
or related transcripts in the vestigial muscle cells. The in-genomic DNA hybridized with the MocuMA1-N probe (Fig.
2A), which contains the 5* upstream region and a small part ability of the MocuMA1-C probe to detect muscle actin
transcripts in most clutches of M. occulta embryos could beof the coding region of the MocuMA1 gene. The weaker bands
detected in this blot are probably due to hybridization with due to lack of muscle actin gene expression or to sequence
divergence between the M. occulta and M. oculata muscleother actin genes. The same blot hybridized with the Mo-
cuMA1-C probe, which contains the MocuMA1 coding region, actin genes. Therefore, additional in situ hybridization ex-
periments were carried out to determine whether the Mo-exhibited several bands, including the single strong band and
multiple weaker bands detected in the previous blot (Fig. 2B). cuMA1-C probe can detect muscle actin mRNA in embryos
of other urodele ascidian species. As shown in Fig. 5, theSecond, only 2 of about 30 positive clones obtained during
the initial library screen contained the MocuMA1 gene, MocuMA1-C probe detected transcripts in the larval muscle
cells of M. occidentalis (Fig. 5A) and S. clava (Fig. 5B), spe-whereas the other positive clones contained either cyto-
plasmic actin genes or MocuMA2, an adult-type muscle actin cies that are more distantly related to M. oculata than is
M. occulta (Had®eld et al., 1995). These results suggest thatgene. The results suggest that MocuMA1 is a single-copy gene.
However, there may be other divergent larval-muscle actin the larval muscle actin gene(s) is silent or downregulated
in M. occulta embryos.genes in the M. oculata genome.
The apparent absence of introns led us to consider the pos- The sister species M. occulta and M. oculata are capable
of interspeci®c hybridization (Swalla and Jeffery, 1990). Wesiblity that MocuMA1 is a nonfunctional gene. To determine
whether the MocuMA1 gene is expressed, we investigated the examined muscle actin mRNA accumulation in hybrid em-
bryos produced by fertilizing M. occulta eggs with M. ocu-promoter activity of its 5* upstream region. A DNA construct
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FIG. 5. Spatial accumulation of muscle actin mRNA in M. occidentalis and S. clava embryos determined by in situ hybridization with
the MocuMA1-C antisense RNA probe. (A) A M. occidentalis neurula with two rows of labeled muscle cells. (B) A S. clava early tailbud
embryo with two rows of labeled muscle cells. Frontal sections are shown with the anterior poles facing the top. Scale bar, 20 mm.
lata sperm. The results of in situ hybridization experiments M. oculata sperm, and muscle actin mRNA accumulation
was assessed in the hybrid embryos by in situ hybridization.with the MocuMA1-C probe show that muscle actin mRNA
accumulates in the vestigial muscle cells of hybrid embryos Embryos from each of the 10 clutches showed high levels
of muscle actin mRNA accumulation in the vestigial mus-(Figs. 4I±4L), which were prepared from the same clutch of
M. occulta embryos that lacked detectable transcripts (Figs. cle cells (data not shown). Thus, muscle actin gene expres-
sion is restored in hybrid embryos.4E±4G). The intensity of signal observed in the hybrid em-
bryos was much greater than that in the M. occulta clutches In summary, the results demonstrate that muscle actin
gene expression is absent or downregulated in M. occultaexhibiting low levels of actin mRNA accumulation, but not
as high as that in M. oculata embryos (compare Figs. 4D, embryos and restored in the vestigial muscle cells of hybrid
embryos. The recovery of muscle actin gene expression in4H, and 4L). In addition, fewer cells appeared to express
muscle actin mRNA in hybrid (Figs. 4I±4L) than in M. ocu- hybrids could be explained by the activity of trans-acting
regulatory factors that are produced by the M. oculata ge-lata embryos (Figs. 4A±4D). Considering that the urodele
complement of muscle lineage cells is restored in hybrid nome or by both the M. oculata and M. occulta genomes.
embryos (Jeffery and Swalla, 1991), it appears that only a
MocuMA1 Regulatory Factors Are Present in M.subset of the most-posterior vestigial muscle cells recover
occulta Embryosmuscle actin gene expression. To determine whether mus-
cle actin gene expression varies within hybrid clutches, 10 To investigate whether trans-acting factors required for
MocuMA1 expression are present in M. occulta embryos,different clutches of M. occulta eggs were fertilized with
FIG. 4. Spatial accumulation of muscle actin mRNA in M. oculata, M. occulta, and hybrid embryos determined by in situ hybridization
with the MocuMA1-C antisense RNA probe. The sections represent M. oculata (A±D), M. occulta (E±H), and hybrid (I ±L) early gastrulae
(A, E, and I), late gastrulae (B, F, and J), early tailbud embryos or their equivalent (M. occulta) (C, G, and K), and mid tailbud embryos or
their equivalent (M. occulta) (D, H, and L), respectively. (A, E, and I) Parasagittal sections of early gastrulae with anterior poles facing the
left. The presumptive muscle cells are located at the posterior tip of the embryos. a, archenteron. (B, F, and J) Frontal sections of late
gastrulae with anterior poles facing the top. The muscle cells are located in two rows on either side of the plane of bilateral symmetry
on the posterior side of the embryos. (C, G, and K) Frontal sections of early tailbud (M. oculata and hybrid) or equivalent staged embryos
(M. occulta) with anterior poles facing the top. The muscle cells are located in two rows on either side of the plane of bilateral symmetry
on the posterior side of the embryos. The dark spot in the anterior region of the hybrid embryo (K) is the restored otolith (Swalla and
Jeffery, 1990). (D, H, and L) Frontal sections of mid tailbud (M. oculata and hybrid) or equivalent embryos (M. occulta) with anterior poles
facing the top. The muscle cells are located in two rows in the tails (t) of M. oculata (D) and hybrid (L) embryos. The arrowheads in H
show low levels of signal detected in the vestigial muscle cells in some clutches of M. occulta embryos. Labeling was observed in the
tail and more anterior regions in L, consistent with previous results showing that only a subset of the vestigial muscle cells enter the tail
in hybrid embryos (Swalla and Jeffery, 1990). Controls using an MocuMA1-C sense RNA probe showed no signal above background. Scale
bar, 20 mm.
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we microinjected pMocuMA1-Z DNA into M. oculata and translation. The expected length of the translated products
of MoccMA1a and MoccMA1b are 64 and 23 amino acids,M. occulta eggs and the resulting larvae were assayed for
b-galactosidase activity. The results are shown in Fig. 6. As respectively. Therefore, it is certain that the polypeptides
encoded by MoccMA1a and MoccMA1b genes are nonfunc-expected, pMocuMA1-Z was expressed in the tail muscle
cells of M. oculata embryos (Fig. 6A), providing further evi- tional as actins. The MoccMA1a gene shows strong similar-
ity to MocuMA1 in its 5*- and 3*-¯anking sequences, includ-dence that the 702-bp 5* region is suf®cient to drive muscle-
speci®c expression. Expression of pMocuMA1-Z was also ing the putative promoter region (Fig. 1). The 5*- and 3*-
¯anking regions of the MoccMA1b gene are less conservedobserved in a few cells in the posterior region of M. occulta
larvae (Figs. 6C and 6D). Previous studies have shown that relative to the MocuMA1 gene. The E box, TATA box, and
poly(A) site have been altered, and a deletion that wouldonly three posterior cell types are present in M. occulta
larvae: a placode of vestigial notochord cells at the midline, cause a frameshift beginning at amino acid 8 has occurred
between nucleotide positions 22 and 23 (Fig. 1). Interest-about 10 vestigial muscle cells ¯anking either side of the
notochord placode, and a single layer of surrounding epider- ingly, changes in nucleotide sequence are more prevalent
in the noncoding than the coding regions of the MoccMA1amal cells (Swalla and Jeffery, 1990; Jeffery and Swalla, 1991,
1992b). The location of the cells that stain positively for b- and MoccMA1b genes. These features suggest that muscle
actin gene expression has been altered in M. occulta bygalactosidase is internal (a layer of unstained epidermal cells
can be seen between them and the larval surface) and lateral mutations in the MoccMA1a and MoccMA1b genes.
to the midline (Figs. 6C and 6D). Therefore, they are vesti-
gial muscle cells. The location of the vestigial muscle cells
was con®rmed by histochemical staining for the muscle- Promoter Activity in the 5* Upstream Regions of
speci®c enzyme AChE (Fig. 6B). Only a few of the most the MoccMA1 Genes
posterior vestigial muscle cells stained for b-galactosidase
activity in the positive larvae; however, these cells repre- Further experiments were conducted to determine
whether the 5* upstream regions of the MoccMA1a andsent the same subset of the muscle lineage that expresses
muscle actin mRNA in hybrid embryos (Fig. 4K). The re- MoccMA1b genes have retained promoter activity. We pre-
pared the promoter± lacZ fusion constructs pMocuMA1-sults suggest that trans-acting factors responsible for ex-
pression of the MocuMA1 gene in the muscle cell lineage Z(272), pMoccMA1a-Z, and pMoccMA1b-Z, which contain
260±270 bp of 5*-¯anking region and part of the 5* UTR ofhave been retained in M. occulta embryos.
the MocuMA1, MoccMA1a, and MoccMA1b genes, respec-
tively. Functional changes in the M. occulta promoters were
Isolation and Characterization of the MoccMA1 investigated by microinjecting these DNA constructs into
Genes Ciona eggs. The results are shown in Fig. 7. Nine of 10
larvae that developed from eggs injected with pMocuMA1-If trans-acting factors regulating MocuMA1 gene expres-
sion are retained in M. occulta embryos, then lack of muscle Z(272) DNA showed b-galactosidase activity, and all the
positive embryos had distinct staining in the tail muscleactin gene expression must be due to other evolutionary
changes. To investigate the possibility that muscle-actin cells (Fig. 7A). These results indicate that the 272-bp 5*
upstream region of MocuMA1 is suf®cient to drive muscle-gene structure has been changed, we have determined
whether the M. occulta genome contains muscle actin speci®c expression of the fusion gene. Surprisingly, how-
ever, 17 of 24 larvae that developed from eggs injected withgenes that are orthologous to MocuMA1. Two different in-
tronless genes, MoccMA1a and MoccMA1b, were isolated pMoccMA1a-Z DNA showed b-galactosidase activity, and
13 of these larvae expressed the reporter gene speci®callyby screening a M. occulta genomic library. The nucleotide
and deduced amino acid sequences of the MoccMA1a, Moc- in tail muscle cells (Fig. 7B). The remainder of the positive
larvae showed b-galactosidase activity in the trunk mesen-cMA1b, and MocuMA1 genes are compared in Fig. 1. Mocc-
MA1a and MoccMA1b show the characteristics of larval chyme cells or in mesenchyme and tail muscle cells. These
results suggest that the 5* upstream region of MoccMA1amuscle actin genes (Table 1). The coding regions of Mocc-
MA1a and MoccMA1b are 90.7 and 91.5% identical to Mo- retains speci®c promoter activity. In contrast, only 1 of 17
larvae that developed from eggs injected with pMoccMA1b-cuMA1, respectively, and 91.6% identical to each other at
the nucleotide level. Silent base substitutions are present Z DNA developed b-galactosidase activity. In this larva,
enzyme activity was observed in only a few of the trunkat 110 positions. Among these positions, MoccMA1a and
MoccMA1b share the same bases at 49 positions, whereas mesenchyme and anterior tail muscle cells (Fig. 7C). These
results indicate that promoter activity of the 5* upstreamMocuMA1 shares the same bases with MoccMA1a or Mocc-
MA1b at 20 or 35 positions, respectively. The coding regions region of the MoccMA1b gene has been reduced relative to
its counterpart in the MocuMA1 and MoccMA1a genes. Itof the MoccMA1a and MoccMA1b genes contain deletions,
insertions, and codon substitutions that would make their is concluded that the 5* upstream region of the MoccMA1a
gene retains muscle-speci®c promotor activity but that pro-encoded polypeptides nonfunctional as actins. The
frameshifts in the MoccMA1a and MoccMA1b genes would motor activity of the corresponding region of the Mocc-
MA1b gene has been reduced by mutations.generate stop codons, causing premature termination of
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(Beach and Jeffery, 1992; Kusakabe et al., 1991). In H. rore-DISCUSSION
tzi, the larval muscle actin genes are organized in two ways:
(1) as a cluster of ®ve genes oriented in the same directionWe have used the muscle actin genes as a means of in-
with individual promoters and (2) as a complex of two genesvestigating the mechanism of muscle cell regression during
oriented 5* to 5* on opposite DNA strands and regulated bythe evolution of anural development. The results show that
a single bidirectional promoter (Kusakabe et al., 1992, 1995).orthologous larval-muscle actin genes are differentially ex-
These unorthodox gene organizations presumably arose bypressed in the urodele developer M. oculata and the closely
duplication of an ancestral single-copy gene and functionrelated anural species M. occulta. Despite the loss of larval
to maximize muscle actin synthesis during larval musclemuscle actin gene expression in M. occulta, the trans-acting
cell differentiation. Although clusters of muscle actin genesfactors responsible for the expression of these genes have
could also be present in Molgula, these animals havebeen conserved. The silencing or downregulation of the
evolved a third strategy to increase the ef®ciency of muscleMoccMA1a and MoccMA1b genes in M. occulta appears to
actin synthesis. It is likely that introns were deleted frombe mediated by changes in the structure of these genes
the Molgula muscle actin genes to expedite transcript pro-rather than in trans-acting gene regulatory factors. These
cessing and accumulation during muscle cell differentia-results suggest a molecular mechanism for the regression
tion. It will be interesting to determine whether intronlessof muscle cell differentiation during the evolution of anural
muscle actin genes are a unique creation of the molguliddevelopment.
ascidians or have also evolved in other ascidian families
with rapid larval development.
Larval Muscle Actin Genes
Mechanism of Muscle Cell RegressionThe muscle actin genes MocuMA1 and MoccMA1a/Moc-
cMA1b were isolated from the urodele ascidian M. oculata Anural ascidians have tailless larvae with undifferenti-
ated vestigial notochord and muscle cells (Jeffery andand the anural ascidian M. occulta, respectively. According
to amino acid usage at diagnostic positions (Kusakabe, Swalla, 1990, 1991, 1992a; Swalla and Jeffery, 1990). Here
we have shown that the vestigial muscle cells lack or down-1995), these genes encode larval-type muscle actins. This
was con®rmed by showing that MocuMA1 transcripts accu- regulate muscle actin gene expression. When M. occulta
eggs obtain a haploid M. oculata genome by interspeci®cmulate speci®cally in the larval tail muscle cells during
embryogenesis. Whether the MocuMA1 and MoccMA1a/ hybridization, however, they recover the ability to form a
tail with a differentiated notochord (Swalla and Jeffery,MoccMA1b genes are also expressed in adults has not been
determined, but it is considered unlikely based on the ex- 1990; Jeffery and Swalla, 1991) and accumulate muscle actin
mRNA in their vestigial muscle cells. The restoration ofpression pattern of larval-type muscle actin genes in other
ascidians (Kusakabe et al., 1995; Kusakabe, 1995). Changes muscle actin gene transcription could be mediated by trans-
acting regulatory factors produced by the M. oculata ge-in nucleotide sequence in the MoccMA1a and MoccMA1b
genes that would result in loss or alteration of polypeptide nome or both the M. oculata and the M. occulta genomes.
The ability of the MocuMA1 promoter to drive expressionfunction also suggest that these larval-type muscle actin
genes do not function in the adult. of the lacZ reporter gene after injection into M. occulta
eggs strongly suggests that trans-acting factors controllingThe Molgula larval muscle actin genes described here are
unusual in that their coding regions lack introns. Although MocuMA1 expression have been retained in M. occulta em-
bryos. The restriction of pMocuMA1-Z expression to theit remains to be established whether the 5* and 3* UTRs of
these genes also lack introns, this is likely because introns vestigial muscle cells also implies that these conserved fac-
tors include activities responsible for controlling the spatialhave not been reported in the noncoding regions of other
ascidian muscle actin genes (Kusakabe et al., 1992, 1995). aspects of muscle actin gene expression. The retention of
trans-acting factors in M. occulta embryos suggests thatThus, the Molgula muscle actin genes appear to be the ®rst
example of intronless actin genes in metazoans, although muscle cell regression was not caused by the silencing of
upstream muscle regulatory genes. However, the titer ofactin-related processed pseudogenes have been reported in
mammals (Moos and Gallwitz, 1983; Emi et al., 1988; Sam- the trans-acting factors may be reduced or attenuated to a
speci®c subset of muscle cells in M. occulta embryos be-uelson et al., 1988). In contrast, we have determined that
MocuMA1 is a functional gene by showing that its 5* up- cause only a few of the most-posterior vestigial muscle cells
express pMocuMA1-Z DNA. The conservation of musclestream region is capable of driving the expression of a lacZ
reporter gene in larval muscle cells. Because intron-con- regulatory factors may be required for the expression of
other genes in anural larvae or adults or may be an evolu-taining muscle actin genes have been described in other
ascidians and invertebrates, it seems likely that the Mo- tionary relic of urodele ancestry.
The loss of larval structures accompanied by the regres-cuMA1 gene evolved from an ancestral muscle actin gene
that contained introns. sion or elimination of certain cell types is thought to have
played an important role in evolutionary changes in devel-Multiple actin genes encoding the same or similar larval
muscle actins have been described in other ascidian species opment (JaÈgersten, 1972; Jeffery and Swalla, 1992a; Raff,
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1992). One possible cause of such regression is a change in dogenes in these situations have been reported. Our results
provide the ®rst example of pseudogene formation duringthe expression or function of regulatory genes such as those
encoding transcription factors and intercellular signaling the evolutionary regression of muscle cells.
molecules. In fact, most considerations of the mechanisms
underlying evolutionary modi®cations in development
Evolution of Anural Developmenthave focused on changes in regulatory processes (Jeffery and
Swalla, 1992a; Raff, 1992). However, most regulatory genes Sequence conservation in the 5* upstream regions, 5* and
3* UTRs, and coding regions suggests that the MoccMA1a/are expressed and function in several different places at dif-
ferent stages during development. Loss of function of such MoccMA1b and MocuMA1 genes are orthologous. Since the
MocuMA1 is a single-copy gene and the M. oculata genomeregulatory genes may affect multiple steps of development
and result in lethality. In contrast, loss-of-function muta- does not appear to contain another intronless muscle actin
gene resembling MocuMA1, the gene duplication event thattions in tissue-speci®c genes may occur rather easily with-
out affecting other developmental events. Our results sug- produced MoccMA1a and MoccMA1b must have occurred
after the divergence of M. oculata and M. occulta. Thisgest that changes in downstream tissue-speci®c genes may
be the cause of muscle cell regression in M. occulta em- hypothesis is supported by the fact that MoccMA1a and
MoccMA1b share silent base substitutions in many codonsbryos. Consistent with this idea, we have identi®ed muta-
tions in the coding and noncoding regions of the MoccMA1a that are different from those in MocuMA1. The nucleotide
substitutions which cause amino acid changes and prema-and MoccMA1b genes. The noncoding regions of these
genes exhibit numerous changes that might affect their ture stop codons are found at different sites in MoccMA1a
and MoccMA1b. Similarly, the two genes contain insertionstranscription or transcript stability, and their coding regions
contain frameshift mutations that would result in nonfunc- and deletions at different positions. These features of the
M. occulta actin genes, together with the common silenttional actins.
The current evidence suggests that muscle actin expres- changes, suggest that the ancestral gene was functional
when the gene duplication event occurred and that muta-sion is lacking in M. occulta embryos because of loss-of-
function mutations in muscle actin genes, which have be- tions subsequently accumulated in each gene.
Another line of evidence for the presence of functionalcome pseudogenes. Other changes leading to lack of muscle
cell differentiation in anural embryos, such as the loss of constraints on the muscle actin genes after the emergence
of M. occulta and M. oculata is less sequence conservationmyosin gene expression (Swalla and Jeffery, 1990), may be
due to similar changes in gene structure. Loss of function in the 5*- and 3*-untranslated regions than in the coding
regions. This situation suggests that the direct ancestor ofof tissue-speci®c structural genes by cis-mutations may be
an important mechanism of regression of certain cell types M. occulta had functional muscle actin genes and that an-
ural development may have evolved recently in this ascid-as an evolutionary modi®cation of development. Although
the MoccMA1a and MoccMA1b genes do not appear to en- ian species. This possibility is consistent with the retention
of promoter activity in the 5* upstream regions of the Moc-code functional actins, they both retain promoter activity.
The promoter activity of the MoccMA1b upstream region cMA1 genes and the persistence of vestigial muscle cells in
M. occulta (Swalla and Jeffery, 1990; Jeffery and Swalla,was reduced, consistent with our demonstration of muta-
tions in the E box and TATA box of this gene. In contrast, 1991).
We suggest the following scenario for the evolution ofthe upstream region of the MoccMA1a gene was suf®cient
to drive expression in the tail muscle cells of most of the anural development in M. occulta (Fig. 8). First, reproduc-
tive isolation occurred in a common urodele ancestor oftransgenic larvae. Despite the retention of promoter activ-
ity, we failed to detect muscle actin transcripts in most M. M. oculata and M. occulta which exhibited a functional
ancestral MocuMA1 gene. Second, the ancestral MocuMA1occulta larvae. The lack of muscle actin mRNA accumula-
tion could be due to premature termination of transcription gene duplicated into two functional muscle actin genes, the
ancestors of the MoccMA1a and MoccMA1b genes in the M.or decreased transcript stability.
It has been demonstrated that genes acquire a high fre- occulta line. This duplication was presumably of selective
advantage because the M. occulta line still used a tailedquency of mutations under the absence of selective con-
straints (Kimura, 1980; Li et al., 1981; Miyata and Yasunaga, larva with functional muscle cells for dispersal. Third, the
tailed larva was lost as habitat preferences changed and was1981). Typical examples of such genes are pseudogenes (Li
et al., 1981; Miyata and Yasunaga, 1981). Most pseudogenes replaced with the anural larva exhibited by modern M. oc-
culta. Thus, there may have been a discrete period in whichare thought to originate from redundant copies of genes
produced by gene duplication or reverse transcription, and a tailless M. occulta larva still expressed muscle actin and
had contractile muscle cells. The loss of the tailed larvathey coexist with paralogous functional genes in the ge-
nome (Li, 1983). It has been predicted that pseudogenes are may have been mediated by mutations in regulatory genes
such as Manx (Swalla et al., 1993; Swalla and Jeffery, 1995).generated after the elimination of functional constraints on
tissues or organs in which the genes were speci®cally ex- Finally, mutations accumulated in MocuMA1a and Mocu-
MA1b that transformed them into nonfunctional genes.pressed (Hendriks et al., 1987; Yokoyama and Yokoyama,
1990; Cocca et al., 1995). However, very few cases of pseu- This scenario suggests that the loss of the notochord and
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